We study numerically the chromoelectric-chromomagnetic asymmetry of the dimension two A 2 gluon condensate as well as the transverse and longitudinal gluon propagators at T > Tc in the Landau-gauge SU (2) lattice gauge theory with a particular emphasis on finite-volume effects. We show that previously found so called symmetric point at which asymmetry changes sign is an artifact of the finite volume effects. We find that with increasing temperature the asymmetry decreases approaching zero value from above in agreement with perturbative result. Instead of the asymmetry we suggest the ratio of the transverse to longitudinal propagator taken at zero momentum as an indicator of the boundary of the postconfinement domain and find it at T ≃ 1.7Tc.
I. INTRODUCTION

Studies of the dimension-two gauge-boson condensate
in the last 15 years were initiated by the Ref. [1] , where it was shown that the nonperturbative part of A 2 is completely determined by contribution of the topological defects (monopoles) responsible for confinement in the compact electrodynamics. Since monopole condensation is one of the most popular scenarios of confinement also in nonabelian gauge theories, this observation suggested that the gluon dimension-two condensate plays an important role in the studies of infrared properties of Yang-Mills theories as well.
In spite of some earlier considerations of the composite operator A 2 (x) = A a µ (x)A a µ (x) ([2] etc), for long time it was disregarded in the OPE approach because of its gauge dependence.
In the Landau gauge, the operator A 2 (x) is BRST invariant (on mass shell) and multiplicatively renormalizable, as was shown in [3, 4] in the M S scheme. Later it was argued [5] that the matrix element A 2 is gauge-invariant in spite of gauge dependence of the respective operator, still it does not appear in the expansions of products of gauge-invariant composite operators [6] .
The effective potential for A 2 was obtained in [3, 7] indicating nonvanishing value of A 2 and thus dynamical gluon mass generation. In the OPE approach, A 2 was used for the parametrization of soft nonperturbative contributions to the Green functions, for a review see [8] . Thus it was extracted from their high momentum behavior [9, 10] .
It was shown that, over the momentum range 2.5 ÷ 7 GeV, ghost and gluon propagators evaluated on a lattice agree with the respective perturbative estimates only when corrections due to A 2 condensate are taken into account [11, 12] .
In a series of papers (see e.g. [8, 13] and references therein) A 2 was computed numerically from fits to lattice data for the gluon and ghost propagators as well as 3-gluon and ghost-gluon vertices. For example, in a specific MOM-type renormalization scheme defined by a zero incoming ghost momentum 1 (µ = 10 GeV), the following values for the N f = 2 + 1 + 1 QCD were found [14] : (OPE up to 1 p 6 ) in order to obtain the QCD coupling constant α MS (M Z ) = 0.1198(4)(8) (6) .
The A 2 condensate was also intensively studied 1 Also referred to as the Taylor scheme in the refined Gribov-Zwanziger (RGZ) approach [15] [16] [17] . Other studies of this condensate include [18] [19] [20] . In Ref.
[1] the A 2 was related to the confinementdeconfinement transition in 4D compact U (1) gauge theory. In this theory the confinement and deconfinement phases are separated by the phase transition at zero temperature. It was found that the nonperturbative part of the condensate drops at critical coupling. This observation raised hopes that the A 2 condensate might be also of relevance for the finite temperature transition in the 4D non-Abelian theories.
There are two A 2 condensates at nonzero temperature, electric A 2 E and magnetic A 2 M :
. The quantity of particular interest is the (color) electric-magnetic asymmetry introduced in [21] :
Later we will also use the dimensionless quantity
Within the OPE approach and in the p 4 = 0 approximation, it was shown [22] that the asymmetry contributes to the quark propagator at nonzero temperatures.
The main interest in the asymmetry stems from its possible relation to both the confinementdeconfinement transition and dynamics in the deconfinement phase.
There is some range of temperature values just above T c , where the quark-gluon plasma (QGP) demonstrates special properties and cannot be treated perturbatively see e.g. [23] . In particular the QGP pressure differs from the ideal-gas value. In the SU (3) theory, an indication of this range is also provided by the behavior of the renormalized Polyakov loop, which jumps from zero to only ∼ 0.4 at T = T c and then increases with temperature over the range T c < T < 4T c [24, 25] . As for the potential between heavy quarks, it was found [26] that charmonium states persist up to T = 1.6T c . The range of temperatures above T c up to (2÷4)T c is referred to as the postconfinement domain, and strongly interacting matter at these temperatures -as semi-QGP [27, 28] . It is often considered that color charges are unscreened in 'total' QGP, and partially screened in semi-QGP [29] .
The postconfinement domain was also characterized in terms of density of Abelian magnetic monopoles [30, 31] . According to Ref. [31] the monopoles are condensed in the confinement phase, represent dilute gas above 2T c and liquid at T c < T < 2T c . In Ref. [30] the relevance of color-magnetic and color-electric fluctuations was discussed in terms of respective couplings.
The authors also discussed the screening masses as indicators of the (in their terminology) E-M equilibrium point and argued that the temperature determined by the equality of the electric and magnetic screening masses should coincide with temperature determined by respective couplings. Using lattice results for the electric and magnetic screening masses obtained in SU (3) gluodynamics [32] they concluded that this temperature is between 1.2T c and 1.5T c .
It has long been known [33] that, over the range T c < T < 3T c , the contributions of the electric and magnetic parts of the gluon condensate
to the energy density and pressure change with temperature much more rapidly than their sum. This gives some evidence that an interplay of electric and magnetic degrees of freedom plays an important role in the dynamics of semi-QGP.
Yet another evidence for this comes from the effective high-temperature 3D theories [34] [35] [36] , in which the electric and magnetic degrees of freedom are in fact separated.
For a long time these models failed to reproduce the pressure of semi-QGP and to predict the transition to the confinement phase [37, 38] . This problem was solved with the appearance of the effective models based on the Polyakov loop [39] [40] [41] , where large fluctuations of A 0 are taken into consideration. That is, dynamics just above T c in the 3D effective models is substantially determined by the electric degrees of freedom. This resembles the above-mentioned situation with the electric and magnetic condensates in the postconfinement domain, where the magnetic contribution to the energy density and pressure only partially compensates the electric one.
In this work we employ both the asymmetry and the ratio between the transverse and longitudinal propagators in attempt to set the upper limit on the temperature range where the electric fluctuations dominate.
In [21] the asymmetry was computed for the first time in lattice SU (2) gluodynamics for a wide range of temperatures in both confinement and deconfinement phases. It was found that it peaks at the phase transition and monotonically decreases with increasing temperature in the deconfinement phase. Furthermore, it was found that the asymmetry crosses zero at T ≈ 2.2T c and becomes negative at higher temperatures. The existence of this symmetric point was one of the main results of Ref. [21] .
In this paper we make a number of improvements in computation of the asymmetry in comparison with Ref. [21] . We take care of the finite-volume and Gribov-copy effects. As a result we demonstrate that the asymmetry is indeed monotonically decreasing function in the deconfinement phase but it never turns zero. This result is in a qualitative agreement with the perturbative calculations, see below.
Thus we demonstrate that the asymmetry cannot serve as an indicator of the boundary of the postconfinement domain. We suggest a new gluonic quantity to indicate such boundary -the ratio of the magnetic to electric propagator at zero momentum which can be related to the ratio of the respective screening masses.
II. DEFINITIONS AND SIMULATION DETAILS
We study SU(2) lattice gauge theory with the standard Wilson action
where β = 4/g 2 and g is a bare coupling constant. The link variables U xµ ∈ SU (2) transform under gauge transformations ω x as follows:
Our calculations were performed on the asymmetric lattices with lattice volume
s , where N t is the number of sites in the 4th direction. The temperature T is given by
where a is the lattice spacing. We employ the standard definition of the lattice gauge vector potential 2 A x,µ [42] :
where Z is the renormalization factor, defined in the text after equation (15) . The lattice Landau gauge fixing condition is
which is equivalent to finding an extremum of the gauge functional
2 In perturbation theory, A x+μ/2,µ instead of Ax,µ provides a more adequate designation;μ is the unit vector in the µth direction.
with respect to gauge transformations ω x . After replacing U ⇒ U ω at the extremum the gauge condition (8) is satisfied.
The gluon propagator D ab µν (p) is defined as follows:
On the asymmetric lattice there are two tensor structures for the gluon propagator [43] : (11) where (symmetric) orthogonal projectors P
Therefore, two scalar propagators -longitudinal D L (p) and transverse D T (p) -are given by
For p = 0 they are defined as follows:
D T (p) is associated with the magnetic sector, D L (p) -with the electric sector. We consider both bare quantities (either labeled by index bare or without index) and renormalized quantities (labelled by index MOM). The renormalization factor (see equation (7)) for bare quantities is equal to unity Z ≡ Z bare = 1. For renormalized quantities Z ≡ Z MOM and is defined by the requirement
with normalization point µ = 3 GeV. In terms of lattice variables, the asymmetry has the form
It can be expressed in terms of the gluon propagators:
In the continuum limit, the respective integral is ultraviolate finite [21, 44] ; therefore, no additional renormalization is needed and this formula holds true for renormalized quantities as well. Thus the asymmetry A, which is nothing but the vacuum expectation value of the respective composite operator, is multiplicatively renormalizable and its renormalization factor coincides with that of the propagator 3 .
The authors of [44] obtained one-loop perturbative estimates of the asymmetry both at high temperatures
and at low temperatures
where
We have generated ensembles of O(1500) independent Monte Carlo lattice field configurations. Consecutive configurations (considered as independent) were separated by 100÷200 (for N s = 24÷84) sweeps, each sweep consisting of one local heatbath update followed by N s /2 microcanonical updates. In Table VII we provide information about the ensembles used throughout this paper.
In the gauge fixing procedure we employ the Z(2) transformation proposed in [45] . Z(2) flip in direction µ consists in flipping all link variables U xµ attached and orthogonal to a 3d plane by multiplying them with −1. Such global flips are equivalent to non-periodic gauge transformations and represent an exact symmetry of the pure gauge action. The Polyakov loops in the direction of the chosen links and averaged over the 3d plane obviously change their sign. At finite temperature we apply flips only to directions µ = 1, 2, 3, thus we consider 8 flip sectors. In the deconfinement phase, where the Z(2) symmetry is broken, the Z(2) sector of the Polyakov loop in the µ = 4 direction has to be chosen since on large enough volumes all lattice configurations belong to the same sector, i.e. there are no flips between sectors in the Markov chain of configurations. We choose the sector with positive Polyakov loop.
Following Ref. [46] in what follows we call the combined gauge fixing algorithm employing simulated annealing (SA) algorithm (with finalizing overrelaxation) and Z(2) flips for space directions the 'FSA' algorithm. We generated n copy = 1 to 3 gauge copies per flip-sector each time starting from a random gauge transformation of the Monte Carlo configuration, obtaining in this way N copy = 8n copy Landau-gauge fixed copies for every configuration. We take the copy with maximal value of the functional (9) as our best estimator of the global maximum and denote it as best ("bc ") copy. In order to demonstrate the Gribov copy effect we compare with the results obtained from the randomly chosen first ("fc ") copy and with the 'worst' copy ("wc"), i.e. copy with the lowest value of the gauge functional.
To suppress 'geometrical' lattice artifacts, we apply the "α-cut" [47] , i.e. πq i /N s < α , for every component, in order to keep close to a linear behavior of the lattice momenta p i ≈ (2πq i )/(aN s ), q i ∈ (−N s /2, N s /2]. We have chosen α = 0.5. Obviously, this cut influences large momenta only. We did not employ the cylinder cut in this work.
III. A 2 ASYMMETRY IN THE DECONFINEMENT PHASE
The asymmetry was introduced and studied numerically in [21] in a rather wide range of temperatures (0.4 T c < T < 6 T c ). The computations were made on the lattices 16 3 × 4, 24 3 × 6, and 32 3 × 8. A nontrivial temperature dependence was obtained. In particular, it was found that the asymmetry is positive at T < 2.21(5)T c and negative at T > 2.21(5)T c . This observation was considered as an indication that at high temperatures magnetic fluctuations begin to dominate. Comparing data for three lattice spacings the authors concluded that finite lattice spacing effects are small even for N t = 4. This allows us to assume that our results obtained on lattices with N t = 8 are also free of substantial finite lattice spacing effects.
Let us note that in [21] (as well as in this work) the temperature was changed by variation of the lattice spacing for fixed N t . In Ref. [21] the finite volume effects were not checked although the spatial lattice size was decreasing with increasing temperature and at the highest temperature T = 6 T c it was as small as L ≡ aN s = 0.44 fm with the corresponding minimal momentum p min ≃ 2.8 GeV. In this work we carefully study the finite volume effects using lattices up to L = 3 fm (the detailed information on lattices used in this work is given in Table VII ). Furthermore, we use Z 2 flips which help to reduce finite volume effects as was found in Ref. [48] . Here we again show that the effect of flip sectors is very substantial on small volumes. We then demonstrate that taking care about the finite volume effects dramatically changes some of the conclusions made in [21] .
First, we want to reproduce the results obtained in [21] at high temperatures (2 < T /T c < 6). Lower data set shows our results for first copy and should be compared with that obtained in [21] . Upper data set was obtained with the FSA algorithm (best copy). The curves show results of the fits to eq. (21) (for first copy) and to eq. (24) (for best copy).
In Fig.1 we show our results for A obtained on lattices 32
3 × 8 used in [21] . Lower data set shows our results for the first copy (fc). These results are to be compared with those obtained in [21] . Upper data set corresponds to the best copy (bc). One can see that two data sets differ dramatically and this difference grows with temperature.
To make explicit comparison with [21] , we fit data points corresponding to fc copy to the function
used in [21] ; here and below ξ = T /T c . The parameters obtained in our fit,
agree well with those found in [21] : Our value ξ = 2.44(13) at which A f c = 0 is only a little higher than the respective value ξ = 2.21(5) from [21] . We conclude that our values of A f c come close to the values of the asymmetry obtained in [21] . Now we turn to the upper data set. It differs significantly from both the fc data set and the results of [21] . The main qualitative difference is that A bc does not cross zero within the range of temperatures under study. Since the difference between the two procedures employed to obtain these two data sets consists in the use of flips, we attribute the observed difference to the flip effects. As was shown in [48] the use of flips substantially reduces finite volume effects, thus we expect that the observed difference increases with a decrease of the lattice size.
In the case of bc data set the best fit is provided by the fit function
with parameters
and χ 2 N dof = 2.22. Even if A bc at N s = 32 becomes negative, this occurs at temperatures much greater than the upper limit of the range under our consideration. Now we proceed to the study of the finite-volume dependence of the asymmetry and infinite volume extrapolation. In Fig.2 we show lattice-size dependence of the asymmetry at T /T c = 1.49 and T /T c = 2.49.
Empty symbols show the fc results, filled symbolsthe bc results. As is seen in Fig.2 , the volume dependence of A f c is very significant and at L ≃ 1.3 fm for T /T c = 1.49 (L ≃ 1.1 fm for T /T c = 2.49) it even changes sign. As expected the finite-size effects for A bc are much smaller and this is due to flips. Still the data indicate that to reduce finite-size effects below 3% one needs the minimal lattice size about 2.5 fm for both T /T c = 1.49 and T /T c = 2.49. To compute the asymmetry in the infinite volume limit A ∞ we begin with the polynomial fit of the type
the results are shown in Table I .
To estimate systematic errors due to choice of the fitting function, we also fitted the data to the fit function
which provides even better quality. The results of this fit are presented in We have also checked finite size effects for the dimension 2 electric and magnetic condensates separately. We found that the electric condensate is constant within error bars, whereas the magnetic one decreases with increasing volume. Thus the finite size effects in the asymmetry are due to volume dependence of the magnetic condensate.
Next we consider the temperature dependence of the condensate. The results for the asymmetry in the case of fixed lattice size L = 2 fm and varying temperature are shown in Fig.3 . We found that a good fit is provided by the function (21) . The respective fit parameters are shown in Table III . It should be noted that this fit function works at T > 1.6T c ; at smaller temperatures terms of the order T 4 c /T 4 etc are necessary.
In Fig.3 we also show the results for the 'worst' copy which was first introduced in [49] . For a given configuration the worst copy is defined as a gauge copy with the lowest value of the gauge fixing functional. The worst copy results are to demonstrate that the Gribov copy effects within first Gribov horizon are substantially stronger than the difference between our first copy and best copy. Using the fit function (21), we find that the asymmetry is positive at all temperatures. This is in agreement with the perturbative result (19) .
The renormalized asymmetry A MOM = Z MOM A where Z MOM is determined in (16) can also be fitted by the function (21) with result
(28) The fit was performed over the same range of temperatures.
However, the fit function (21) disagrees with the perturbative result (19) in the limit of infinite temperature where perturbation symmetry is believed to be valid. For this reason, we also fit the data to the 
function (motivated by (19))
A ≃ zg
where the running coupling is taken in the two-loop approximation, The results of the fit over the range 1.24 < ξ < 3.32 are shown in Table IV. Note that it works over wider range of temperatures than the fit (21) .
Therefore, we arrive at a good agreement with perturbation theory modulo the normalization factor of the propagator. In order to make quantitative comparison with the perturbative result, we should use the same normalization condition; however, the M S scheme employed in [44] runs into difficulties beyond perturbation theory. Thus we infer that, contrary to the conclusions of Ref. [21] , the asymmetry never crosses zero in the deconfining phase. Accordingly it cannot indicate the boundary between two regions of the deconfining phase, whose existence was discussed in [27, 30, 31, 50, 51] .
IV. RATIO DT (0)/DL(0)
It is natural to expect that the existence of the postconfinement region is explained by the contribution of low-momentum, i.e. nonperturbative, modes of the gauge field. This motivates us to consider in this work the ratio of the magnetic to electric propagator at zero momentum as a possible indicator of the boundary of the postconfinement region.
Similar ratio of electric and magnetic screening masses was computed in [52] . These masses were evaluated in [52] (see analogous computation in SU (3) gluodynamics in [32] ) in a renormalization-invariant way, by long-distance behavior of the gluon propagators:D x 3 ) are, respectively, the Fourier transforms of D L (p) and D T (p) in the third component of the momentum. There are different views on gauge invariance of these masses -even in the framework of perturbation theory: the authors of [52] consider them gauge-independent, whereas the authors of [43] cast some doubt on both their gaugeinvariance and physical meaning.
In the leading-order perturbation theory m e = 2 3 g(T )T in the SU (2) case, whereas for m m (which is of nonperturbative nature) the behavior g 2 (T )T is conjectured. The authors of [52] obtained the data for T > 2T c and employed fit formula
Let us note that the authors of [52] did not take care of finite size effects. In their study the lattice size was decreasing with an increase of the temperature similar to Ref. [21] . Over the temperature range explored in our study, their lattice size decreased from 2 fm down to 0.8 fm.
In the present work we consider the ratio r(T ) =
. Our arguments are as follows. It was shown in [53] that the low momentum behavior of D L (p) is compatible with pole behavior and renormalized D L (0) can be considered as inverse electric mass squared. However, the low momentum behavior of D T (p) is definitely different from the pole behavior. It has a maximum at nonzero momentum p 0 ∼ 0.4 ÷ 0.5 GeV, see, e.g. Fig. 8 in [53] . Still D T (0) characterizes the strength of D T (p) at low momentum 4 We assume that the temperature T p satisfying relation
determines the boundary of the postconfinement region. This is not a phase transition thus the boundary is not characterized by definite value of the temperature but rather by a range of temperature values. We start from the study of the finite size effects for r(T ). In Fig. 5 we show the ratio as the function of the inverse lattice size 1/L for T /T c = 2.49 for first copies (empty symbols) and best copies (filled symbols). The difference between two data sets is huge on small volumes and decreases with increasing volume. As in the case of the asymmetry (see Fig. 2 ) this difference is due to application of the flip procedure. For best copies the finite size effects are much smaller than for the first copies but they are still sizable up to lattice size L about 2 fm. For L = 3fm lattice finite size correction is small and comparable to statistical error. We fit the lattice size dependence of r(T ) to the polynomial fit as in the case of asymmetry
The result is as follows:
Results of the fits are presented in Fig. 5 . The fits predict that the difference between r(T ) values obtained via two gauge fixing procedures survives in the infinite volume limit. The best copy ratio r(T ) for two fixed lattice sizes L = 2 fm and L = 3 fm versus temperature is plotted in Fig.6 . Note that the point on L = 3 fm lattice at the largest temperature T = 2.49T c was obtained by the extrapolation shown in Fig.5 . The data presented in this figure indicate that the finite size effect is definitely nonzero up to T /T c = 1.8 and might disappear at higher temperatures.
We fit the T dependence of r(T ) to the function
inspired by eq. (32) . Here r 0 , r 1 , Λ/T c are the fit parameters. This fit formula works surprisingly well at T > 1.08T c as can be seen from Fig.6 and Table V It should be noted that the fit formula (36) works well for all T > Λ -even in the case when the coupling g 2 (T ) (30) becomes negative at T /T c below 1.4. However, this motivates us to employ yet another fit function
The results of this fit are shown in Fig.7 and in Table VI. It is clearly seen that this simple logarithmic fit function works also well. The slope is independent of the volume, whereas the intercept slowly decreases with an increase of lattice size. We have every reason to consider L = 3fm as a good approximation to the infinite-volume limit (cf. Fig. 5 ). The values of T p /T c obtained with two fits agree within error bars. The fit function (37) can be rearranged to the form
where Q sets the scale over the postconfinement domain. We find that Q ≈ 230 MeV, which comes close to the quantity m = 201(8) MeV [21] that sets the temperature scale for the asymmetry at low temperatures in the confinement phase. TABLE VI: Parameters of the fit of the ratio r(T ) for best copies on lattices with L = 2 fm and L = 3 fm to fit function (37) .
The difference between the parameters in Tables V  and VI gives an estimate of the systematic error in determination of T p defined by the formula (33) .
The fit functions (36) and (37) imply that the ratio D T (0)/D L (0) goes to infinity in the infinite temperature limit. Results at higher temperatures are needed to confirm this prediction.
V. CONCLUSIONS
We presented results of the study of the asymmetry A and the ratio D T (0)/D L (0) in lattice SU (2) gluodynamics on lattices with varying spatial size N s in the range of temperatures above T c up to 3.3T c . Our findings can be summarized as follows:
• In contrast to conclusions made in [21] the asymmetry is positive at all temperatures under consideration and its high-temperature behavior agrees with perturbation theory. The data can be fitted to function motivated by the perturbation theory down to temperatures as low as 1.25T c . The asymmetry cannot be used as indicator of the postconfinement domain boundary.
• A good indicator of the boundary of the postconfinement domain is provided by D T (0)/D L (0) rather than by the asymmetry A.
The transition temperature T p defined by the condition D T (0)/D L (0) = 1 slightly increases with increasing volume. At L = 3f m, which is close to the infinite-volume limit, T p = 1.68(12)T c .
• In the range of temperatures under study in this work the effect of flip sectors is substantial at L ≃ 2 fm and crucial at L < 1 fm. In the latter case, it dramatically changes the behavior of both the asymmetry and ratio D T (0)/D L (0).
• Finite-volume effects are significant on lattices with L < 2 fm within our range of temperatures and decrease with increasing temperature.
• The temperature dependence of the ratio D T (0)/D L (0) can well be fitted by both the perturbatively motivated function (36) and the linear function of ln(T − T c ) (38) over the range 1.08T c < T < 3.32T c .
